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Abstract 
Photocages are light-sensitive chemical protecting groups that give investigators control over activation 
of biomolecules using targeted light irradiation. A compelling application of far-red/near-IR absorbing 
photocages is their potential for deep tissue activation of biomolecules and phototherapeutics. Towards 
this goal, we recently reported BODIPY photocages that absorb near-IR light. However, these photocages 
have reduced photorelease efficiencies compared to shorter-wavelength absorbing photocages, which 
has hindered their application. Because photochemistry is a zero-sum competition of rates, improving the 
quantum yield of a photoreaction can be achieved either by making the desired photoreaction more 
efficient or by hobbling competitive decay channels. This latter strategy of inhibiting unproductive decay 
channels was pursued to improve the release efficiency of long-wavelength absorbing BODIPY 
photocages by synthesizing structures that block access to unproductive singlet internal conversion 
conical intersections, which have recently been located for simple BODIPY structures from excited state 
dynamic simulations. This strategy led to the synthesis of new conformationally-restrained boron-
methylated BODIPY photocages that absorb light strongly around 700 nm. In the best case, a photocage 
was identified with an extinction coefficient of 124,000 M-1cm-1, a quantum yield of photorelease of 3.8%, 
and an overall quantum efficiency of 4650 M-1cm-1 at 680 nm. This derivative has a quantum efficiency 
that is 50-fold higher than the best known BODIPY photocages absorbing >600 nm, validating the 
effectiveness of a strategy for designing efficient photoreactions by thwarting competitive excited state 
decay channels. Furthermore, 1,7-diaryl substitutions were found to improve the quantum yields of 
photorelease by excited state participation and blocking ion pair recombination by internal nucleophilic 
trapping. No cellular toxicity (trypan blue exclusion) was observed at 20 μM, and photoactivation was 
demonstrated in HeLa cells using red light. 
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ABSTRACT: Photocages are light-sensitive chemical protecting groups that give investigators control over activation of biomolecules 
using targeted light irradiation.  A compelling application of far-red/near-IR absorbing photocages is their potential for deep tissue 
activation of biomolecules and phototherapeutics.  Towards this goal, we recently reported BODIPY photocages that absorb near-
IR light. However, these photocages have reduced photorelease efficiencies compared to shorter-wavelength absorbing 
photocages, which has hindered their application. Because photochemistry is a zero-sum competition of rates, improving the 
quantum yield of a photoreaction can be achieved either by making the desired photoreaction more efficient or by hobbling 
competitive decay channels.  This latter strategy of inhibiting unproductive decay channels was pursued to improve the release 
efficiency of long-wavelength absorbing BODIPY photocages by synthesizing structures that block access to unproductive singlet 
internal conversion conical intersections, which have recently been located for simple BODIPY structures from excited state dynamic 
simulations.  This strategy led to the synthesis of new conformationally-restrained boron-methylated BODIPY photocages that 
absorb light strongly around 700 nm.  In the best case, a photocage was identified with an extinction coefficient  of 124,000 M-
1cm-1, a quantum yield of photorelease of 3.8%, and an overall quantum efficiency of 4650 M-1cm-1 at 680 nm.  This derivative has 
a quantum efficiency that is 50-fold higher than the best known BODIPY photocages absorbing >600 nm, validating the effectiveness 
of a strategy for designing efficient photoreactions by thwarting competitive excited state decay channels.  Furthermore, 1,7-diaryl 
substitutions were found to improve the quantum yields of photorelease by excited state participation and blocking ion pair 
recombination by internal nucleophilic trapping.  No cellular toxicity (trypan blue exclusion) was observed at 20 M, and 
photoactivation was demonstrated in HeLa cells using red light. 
Introduction. Photocages are light-sensitive chemical 
protecting groups that mask substrates through a covalent 
linkage that renders the substrate inert.1 Light irradiation 
cleaves the protecting group and restores the reactivity or 
function of the substrate. Photocages are used in chemical, 
materials, and biological applications that take advantage of 
the spatial and temporal resolution that that can be provided 
by light.  These applications include photolithographic 
fabrication of gene chips,2, 3 light-responsive organic materials 
and polymers,4 and protecting groups for use in multistep 
organic synthesis.5  In a biological context, these structures are 
particularly prized for their ability to trigger the release of 
bioactive molecules upon irradiation. Because it can be 
focused and pulsed, light provides spatial and temporal 
resolution that no other external control can match.  This 
control can be exploited to probe the activity of a variety of 
structures within biological microenvironments including 
caged proteins,6, 7 nucleotides, 8-10 ions,11-16 
neurotransmitters,17, 18 pharmaceuticals,19, 20 fluorescent 
dyes,21, 22 and biological small molecules23  (e.g., caged ATP). 
    By far the most popular photocages are the o-nitrobenzyl 
systems 24 and their derivatives, but other photocages that see 
significant use include those based on the phenacyl,25 
acridinyl,26 coumarinyl,27, 28 xanthenyl,29 ruthenium,30 and o-
hydroxynaphthyl structures.31 A limitation of the most popular 
photocages is that they absorb light mostly in the ultraviolet 
region of the optical spectrum where prolonged exposure of 
cells or tissues to UV light can lead to cell damage or death.  
   The drawbacks of using UV light has led to a number of 
different creative approaches to permit photorelease of 
biologically active substrates using visible light. For example, 
considerable efforts have been made to red-shift the 
absorbances of popular photocages beyond the most cell-
damaging deep-UV wavelengths and towards the visible,32, 28 
while retaining reasonable photorelease efficiencies. 
Alternatively,  multiphoton absorption methods allow UV-
absorbing photocages to be excited with two or more visible 
light photons.33, 34 Other methods to achieve photorelease 
with visible light include photorelease initiated via 
photoinduced electron transfer,35-37 via metal–ligand 
photocleavage,6, 38, 39 by exploiting internal photoredox 
reactions of quinones,40, 41 or by using photosensitizers that 
generate reactive singlet oxygen that can initiate reaction 
cascades that result in release of a covalently-linked 
substrate.42, 43
    Still, an organic photocage that retains the “plug and play” 
simplicity that makes o-nitrobenzyl photocages so popular but 
that directly undergoes efficient photorelease using single 
photons of red/near-IR light rather than UV light would be 
highly desirable.  To that end, a new class of visible light 
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absorbing photocages based on BODIPY dyes were reported by 
us and Weinstain having strong absorbances >500 nm, with 
tunable cellular localization and the ability to manipulate 
intracellular processes.44, 45 In collaborative work between our 
group and the groups of Weinstain and Klan, a structure-
reactivity relationship determined that the quantum yields for 
these green light absorbing BODIPY photocages could be tuned 
based on substituents, and efficient derivatives were 
identified.46 They have since been used in a variety of 
applications.47-53  Subsequently, our group showed that 
increasing the conjugation via appending styryl groups 
provided BODIPY photocages that absorbed in the far-
red/near-IR region of the optical spectrum where mammalian 
tissues are most transparent (2-4).54  These latter BODIPY 
photocages are exciting in that they can perform a direct 
photorelease using single photons of light ~700 nm in this 
biological window.  For example they were recently used by 
Feringa, Szymanski, and coworkers to control oscillations of 
purified cardiomycetes using red light.55 Unfortunately, the 
low photorelease quantum yields of these structures (Φr ~ 
0.1%) limits their applicability, particularly in the context of 
tissue photoactivation where highly photoreactive structures 
are needed to take advantage of the diminished photon 
densities when irradiating into deep tissues.
    Here, we report new BODIPY photocages having greatly 
increased photochemical efficiencies over these styryl-
substituted derivatives.  While the obvious strategy is to 
develop structures that attempt to improve the efficiency of 
the desired photorelease reaction, the strategy explored here 
was to modify the structure to inhibit competitive decay 
channels by blocking access to unproductive conical 
intersections (CIs).  In the excited state, photochemical 
partitioning between decay channels is dictated by relative 
rates.  Consequently, the fraction of excited states that 
channel towards a desired photochemical reaction can be 
increased simply by inhibiting access to undesired competitive 
excited state decay channels.  New conformationally-
restrained BODIPY photocages were synthesized that were 
hypothesized to block access to these unproductive CIs.  
    This approach proved to be a highly successful one. In the 
best case, a 50-fold increase in the quantum efficiencies over 
the most efficient previously reported structure was achieved, 
demonstrating that this strategy of inhibiting access to 
unproductive CIs can be an effective one for improving the 
efficiency of a desired photoreaction, and providing more 
efficient photocages that absorb light in the biological window.
Results and Discussion.
Conformational restraint increases quantum yields of 
photorelease by inhibiting unproductive pathways.  
Photocages 2, 3, and 4, previously described by our lab1, have 
quantum yields of release (Φr)  of 0.004%, 0.08%, and 0.10%, 
respectively, with boron-methylation in every case leading to 
an increase in quantum yield.4 We hypothesized that the 
presence of the alkene bonds in structures 2-4  may have 
resulted in unproductive energy losses due to radiationless 
decay processes associated with the connecting 
conformationally free C-C single bonds or cis-trans 
isomerization. Recently, unproductive conical intersections 
(CIs) for simple BODIPY structures that lead to internal 
conversion were identified by excited state dynamical 
simulations and excited state potential energy searches.  These 
include butterflying, charge transfer, B-F scission, and 
photoisomerization.56, 57  These pathways are summarized in 
cartoon form in Figure 2. We anticipated that a 
conformationally restrained chromophore would make cis-
trans isomerization impossible, inhibit charge transfer states 
that prefer twisted geometries (TICT),58 and also help minimize 
energy losses from the “loose bolt” effect59 from rotatable C-C 
single bonds, leading to improved photocages with higher 
quantum yields of photorelease.
    To test the hypothesis, we synthesized ring-fused BODIPY 
photocages 5-8 and determined their quantum yield of 
photorelease.  These structures take inspiration from the work 
of Burgess and coworkers60 on far-red absorbing BODIPY dyes 
as well as from Schnermann and coworkers on conformational 
restraint of cyanine dyes.61, 62 For 5, the quantum yield is 
0.14%, which represents a ~35-fold increase over the 
comparable boron-fluorinated 2, and is higher than even than 
photocage 3 (Φr =0.08%) and 4 (Φr =0.11%) described in the 
previous studies that have boron-methylated structures. The 
boron-methylated derivative 6 has a blue shift in the 𝝀max of 32 
nm, but has a substantial ~20-fold increase in quantum yield of 
the release (Φr =2.70%) compared to photocage 5 and a ~30-
fold increase compared to structure 3. The oxidized variant of 
6, photocage 8, has the highest quantum yield of 3.75%, and a 
quantum efficiency of 4650 M-1 cm-1, which is 50-fold higher 
than 4, the best previously-reported54 photocage absorbing 
>600 nm. These results suggest conformationally-restrained  
photocages can inhibit unproductive excited state decay 
pathways and steer the excited state towards a productive 
photorelease conical intersection.63
Figure 1. Photocages discussed in the study. Photocages 1-4 
are from our previous work while 5-8 are from this work.
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Figure 2. a) Absorption spectra and b) emission spectra of selected photocages in this study (all spectra can be found in the SI). c) 
A crude pictographic model of the singlet potential energy sufaces showing some possible decay channels. 
Table 1. Photophysical and photochemical properties of 1-15.
𝛌abs 
(nm)c
𝛌em 
(nm)c
𝞮
(x105M-1cm-1)c
Φr (%)b 𝞮Φr
(M-1 cm-1)
1a 515 526 0.71 0.10 70
2a 661 684 0.65 0.004 3
3a 647 660 0.49 0.084 41
4a 689 728 0.78 0.11 86
5 672 695 1.33 0.14 186
6 641 663 1.39 2.70 3753
7 708 735 1.08 0.05 53
8 681 708 1.24 3.75 4650
9 571 612 0.78 0.08 59
10 673 702 1.46 1.45 2117
11 709 742 0.91 0.22 200
12 642 672 0.90 1.76 1584
13 683 713 1.11 0.22 241
14 672 693 1.21 2.55 3085
15 571 612 0.78 0.08 59
 a values are from references 44, 46, 54  b Quantum yields (Φr) 
determined by quantitative 1H NMR following growth of AcOH 
using 1 as actinometer (r=0.099%) in 1:1 CD3OD/CDCl3 (ex = 
532 nm, Nd:YAG laser) under air. cAbsorbance, emission and 
molar extinction coefficient determined in CH2Cl2.
1,7-Diaryl substitutions improve excited singlet photorelease 
by excited state participation and blocking ion pair 
recombination. While conformational restraint is a strategy 
for blocking unproductive internal conversion intersections, 
and thereby steering the excited state towards the desired 
photorelease conical intersection, we also sought to develop 
ways to prevent energy losses deriving from ground state 
contact ion pair recombination.  To this end, we explored the 
impact of adding aryl groups in the 1,7-positions adjacent to 
the BODIPY meso position.  We hypothesized that an adjacent 
nucleophile could trap the nascent carbocation while it was 
still a contact ion pair, thus preventing ion pair recombination 
and leading to higher photorelease quantum yields. 
        Preliminary DFT calculations (B3LYP/6-31G(d), SMD=H2O) 
on the singlet carbocation derived from 9 indicate that the free 
carbocation is not a minimum but undergoes trapping by the 
adjacent aryl group apparently without a barrier to form the 
Wheland intermediate. Encouraged by this computational 
result, we synthesized photocages 9-15, which have adjacent 
aryl groups attached to the 1 and 7 positions.  In all but one 
case, these aryl groups lead to an increase in the quantum yield 
of photorelease compared to the 1,7-dihydro or 1,7-
dimethylated derivatives, in some cases significantly.  For 
example, while swapping methyls for phenyls (1 to 9) leads to 
a modest increase in the quantum yield (0.10% to 0.17%, 
respectively), the increase is larger in the red-light absorbing 
photocages 5 and 10 (0.14% to 1.45%, respectively).  
        To evaluate the hypothesis that the increase in quantum 
yields results from trapping of an intermediate carbocation 
prior to ion pair cage recombination, analysis of the 
photolysate of photocage 9, irradiated in MeOH, was 
conducted by LC-MS.       
    These studies revealed the formation of the typical solvent 
methanol adduct as the major detected product, and the 
cyclized trapping product as a minor product (Figure 5).  Thus, 
the hypothesized trapping mechanism may explain some of 
the increase in quantum yield for these derivatives, but seems 
unlikely to fully explain the sometimes dramatic increase in the 
quantum yield, such as the 10-fold increase in quantum yield 
for 10 relative to 5. Either the computations suggesting a 
barrierless trapping by the adjacent aryl groups are wrong 
(that is, there is in reality some barrier for the adjacent aryl ring 
to attack the carbocation, leading to competitive trapping 
between the solvent and the aryl ring), or the photoreaction 
never generates a fully free carbocation (i.e., solvent trapping 
is nearly concerted with leaving group release).
Page 3 of 9
ACS Paragon Plus Environment
Journal of the American Chemical Society
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
Figure 3. New 1,7-diaryl derivatives synthesized for this study 
designed to inhibit ion pair recombination by internal trapping.
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Figure 4. Absorption and emission spectra of 1,9 and 5,10 
demonstrating greater participation of 1,7-diaryl groups in the 
excited state than the ground state.
   
Several pieces of evidence suggest that the adjacent aryl 
groups also impact the singlet excited state photochemistry, 
and are not entirely just involved following the formation of 
the solvent-caged ion pair and return to the ground state.  
Inspection of the absorption and emission profiles of these 
photocages shows that the adjacent aryl rings are mostly 
unconjugated in the ground state, as the derivatives with 1,7-
dimethyl or 1,7-dihydro groups has nearly the same 𝝀max as the 
1,7-diaryl derivatives. This observation is also supported by 
DFT computations of the optimized geometries of these 
photocages in the ground state, with the aryl rings adopting a 
nearly perpendicular conformation relative to the BODIPY 
chromophore (see SI S55-S60).  While the ground state 
absorption is largely unaffected by the adjacent aryl rings, the 
fluorescence emission is red-shifted in the 1,7-diaryl 
derivatives.  For example, 9 has a red-shifted emission by 41 
nm compared to 1, while 10 has a red-shifted emission of 9 nm 
relative to 5 (See Figure 4). This result suggests increased 
participation of the aryl rings in the singlet excited state, and a 
shift of one or both of the aryl rings to a more conjugated 
conformation. This finding is not so unusual, as biaryls like 
biphenyl are often twisted in the ground state and planar in 
the excited state.
    Further evidence that there is an electronic component to 
the increase in quantum yields and not solely a steric effect 
comes from a comparison of photocages 10 and 14 (Figure 5).  
Photocage 14 has a more electron rich anisyl ring, making it a 
better nucleophile, and this derivative has a higher quantum 
yield of photorelease than the phenyl derivative. The methoxy 
group in the meta position is not expected to have a large steric 
impact on ion pair recombination. Because the fluorescence 
data indicate that the 1,7-diaryl substituents participate in the 
excited state, but not the ground state, the adjacent aryl 
groups may act to lower the barrier for photorelease by mixing 
into the excited state wavefunction at the bond-breaking 
transition state.  It is also noteworthy that while 10 and 14 
have essentially identical max values, 14 has a blue-shifted 
emission of 9 nm suggesting that the methoxy group has a 
small effect on the excited state energies. It is also possible 
that they provide a steric barrier for ion pair recombination.  
Bond cleavage on the triplet excited state suggests a concerted 
slide of the phenyl groups into a wing-like conformation that 
may block anion return.
Figure 5. a) Photoproducts of 9 detected using LC-MS b) Increase 
in quantum yield upon introducing electron-donating group to 
1,7-diaryl groups.
   In contrast, 1,7-diarylation seems to have little effect on 
photorelease from the triplet excited state.  In the triplet 
excited state, a simple photo-SN1 reaction would lead to a 
triplet carbocation.  Unlike on the singlet surface, ion pair 
recombination is then spin forbidden.63,64 While trapping of the 
carbocation by the adjacent aryl group is computed to be 
barrierless on the singlet surface, a substantial barrier for 
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trapping is computed on the triplet surface.  A potential energy 
scan of the C-O bond stretch for 5, 7, 10, 11 on the triplet 
surface (B3LYP/6-31G(d), SMD=H2O), leads to identical barriers 
for the 1,7-dihydro derivative vs. the 1,7-diaryl derivative.  
Overall, these results suggest that 1,7-diaryl substitutions 
benefit photorelease on the singlet excited state, but have 
little effect on photorelease occurring on the triplet excited 
state.
Benefit of boron-methylation decreases as excited singlet 
photorelease is improved.  Adjacent 1,7-diaryl substitutions 
lead to large improvements in the   quantum   yields   for   
photocages   featuring boron-fluorination, while with the B-
methylated photocages the improvements are smaller and, in 
one case, deleterious (13 vs 8).  Alkylation of BODIPY 
photocages has recently been shown to dramatically improve 
photorelease quantum yields.46, 50  Part of the increase can be 
assigned to B-methylation promoting intersystem crossing to a 
longer-lived triplet state.  This was recently observed by the B-
alkylated photocage byproduct acting as a better singlet 
oxygen photosensitizer than methylene blue.51 Alkylated 
BODIPY photocages also have lower computed electronic 
barriers for heterolysis.46  With good leaving groups like 
chloride, photorelease on the triplet excited state is 
energetically favored and nearly barrierless.46 Often, an 
increase in intersystem crossing quantum yield to the triplet 
state is marked by a decrease in the fluorescence quantum 
yield. Indeed, we observed that boron-methylated photocage 
12 has a quantum yield of fluorescence of 0.17 compared to 
0.39 for B-fluorinated photocage 10, which supports the idea 
that boron alkylation promotes intersystem crossing. 
Figure 6.  Effect of alkylation in 1,7-diarylated and non-arylated 
structures.
    However, as can be seen in Figure 6, the impact of boron-
methylation is large in some cases, but minimal in others. We 
found that there is no change in the computed energy barrier 
for C-O bond cleavage in the triplet excited state when adding 
phenyl groups at the 1,7-positions. This computational result 
further supports the idea that alkylation promotes intersystem 
crossing. Likely, the benefits for the 1,7-diaryl derivatives 
derives mostly from improving productive photorelease on the 
excited singlet surface rather than the excited triplet surface.  
Importantly, there is a notable drop in the effect of boron-
alkylation on quantum yield when the adjacent phenyl group 
is present.  This suggests that as the singlet photochemistry is 
improved, the beneficial effect of boron methylation becomes 
less pronounced, likely as a consequence of diminished benefit 
of triplet photorelease relative to singlet excited state 
photorelease.
Photoactivation in cells and toxicity evaluation. To evaluate 
whether these new derivatives can cross cell membranes, are 
non-toxic, and undergo photorelease in living cells, we 
synthesized 16 with a 4-nitrobenzoic acid leaving group. 4-
Nitrobenzoic acid is a known quencher of BODIPY dyes. We 
anticipated that, upon irradiation, photorelease of the 
quencher should lead to a solvent adduct of the BODIPY 
photocage with a higher fluorescence that could be monitored 
by fluorescence microscopy, allowing us to visualize 
photorelease in cells.  Indeed, a slow increase in fluorescence 
occurs (Figure S5) when the solution of 16 is irradiated.
    Further studies were performed (Figure 7) in HeLa cells 
incubated with compound 16 at 37 oC for 30 minutes. After 
incubation, the cells were irradiated with 635 ± 20 nm light, 
and the fluorescence emission was measured at 690 ± 30 nm. 
Prior to irradiation, we observed a low background 
fluorescence after incubation. An increase in fluorescence was 
observed at 690 nm when the cells were irradiated. In control 
studies, there was no such increase in the fluorescence 
intensity in the absence of irradiation. Cytotoxicity studies 
using the Trypan blue exclusion assay show no decrease in 
viability of cells with the treatment of compound 16 (93±4%) 
compared to the non-treated cells (94±5%) at 20 M.
 
Figure 7. Fluorescence images of (A and B) HeLa cells incubated 
with 20 M 16 irradiated with 635 nm light and (C and D) cell 
incubated with 16 without irradiation (Control). F is the change 
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in fluorescence intensity of compound 16 in solution of 1:1 
CH2Cl2/ Methanol on irradiation with halogen lamp. 
EXPERIMENTAL
Determination of quantum yield of photorelease.  The 
quantum yield of release was determined by using BODIPY 1 as 
the actinometer in deuterated methanol solvent. The release 
of acetic acid was followed using quantitative 1H NMR. For 
quantitative accuracy, a 90o pulse angle was used along with 
20 seconds of recycling delay cycle. The sample was irradiated 
in 3 mL cuvette using a 532 nm Nd: YAG laser. Dimethyl sulfone 
was used as the internal standard, and quantifying the release 
of acetic acid was determined relative to this internal standard. 
(A full procedure is found in the supporting information).
Cell studies. The human cervical carcinoma (HeLa) cell line was 
used to study the photoactivation of compound 16. Dulbecco's 
Modified Eagle Medium (DMEM) supplemented with 10% fetal 
bovine serum, 12.5 mM streptomycin, and 36.5 mM penicillin 
was used as the culture medium. Cells were maintained at 37 
oC in a water jacketed incubator with 5% CO2 supply. Cells 
grown on custom-made glass-bottom dishes were used for the 
microscopy experiments. On the day of the microscopy 
studies, the culture medium was replaced with 20 µM 16 in the 
serum-free DMEM medium. Cells were then incubated at 37 oC 
for 30 minutes, rinsed three times with HEPES imaging buffer 
(pH=7.2, 155 mM NaCl, 5 mM KCl, 2 mM CaCl2, 1 mM MgCl2, 2 
mM NaH2PO4, 10 mM HEPES and 10 mM Glucose) and used for 
imaging.
Microscopy studies. Fluorescence imaging experiments were 
performed on a Nikon Eclipse TE2000U microscope (Melville, 
NY) operating in wide-field, epi-fluorescence mode. The 
irradiation light from a mercury lamp (X-cite 120 PC, EXFO 
Photonic Solutions Inc, Canada) was filtered using a 635 ±20 
nm filter, and projected to the cell samples through a 100×Apo, 
1.49-numerical aperture oil-immersion objective. 
Fluorescence emission was filtered through a 690 ± 30 nm filter 
and images were collected using a PhotonMAX 512 EMCCD 
camera (Princeton Instruments, NJ). To demonstrate the 
photoactivation of compound 16 in cells, the sample was 
irradiated continuously, and images were collected every 30 
seconds with 100 ms acquisition time per image. For the 
control experiment, a cell sample treated with compound 16 
was maintained in dark and irradiated with 635 ±20 nm light 
only for a short period (100ms) to collect the images in 30 
second intervals. Images were further analyzed with the 
ImageJ program (National Institute of Health).
Cytotoxicity studies. Trypan blue exclusion assay was used to 
determine the cytotoxicity of 16 in Hela cells. Cells were 
treated with 20 µM 16 in the DMEM medium. After a 30 
minute incubation period, equal volumes of trypsinized cell 
suspension and 0.4 % Trypan blue dye were mixed in a vial and 
incubated at room temperature for 2 minutes. The viable cell 
count (cells that excluded the dye) was determined using a 
hemacytometer and an optical microscope. There was no 
significant difference in cell viability observed for the 16 
treated cells (93 ± 4 %) compared to the nontreated cells (94 ± 
5 %).
CONCLUSION
We have identified new far-red/near-IR absorbing BODIPY-
based photocages that have superior quantum efficiencies to 
the “first-generation” BODIPY photocages absorbing >600 nm.  
In the best case, the quantum efficiencies are >50 times larger 
than the best previously identified one.  On a practical note, 
while photocage 8 has the highest quantum yield of the 
derivatives studied, we noticed that this chromophore was 
challenging to manipulate synthetically. Photocage 6 is more 
robust, easier to make, can be easily hydrolyzed to the alcohol 
to allow functionalization with a desired biological leaving 
group, and has nearly the same quantum yield (2.7% for 6 vs. 
3.8% for 8).  It also absorbs maximally at ~640 nm, close to a 
common current photodynamic therapy excitation source of 
630 nm.  This derivative may prove to an attractive alternative. 
We note that we evaluated the UV-Vis absorption of 6 in 10 
mM glutathione buffer and found that the spectrum does not 
change over the course of an hour, suggesting that the 
chromophore is stable under conditions resembling the 
intracellular environment (see SI page S33 for data). 
The low single-digit quantum yields of the best of these 
derivatives are slightly lower than the parent nitrobenzyl 
photocage, but about the same as the popular 
dimethoxynitrobenzyl derivatives.  On the other hand, these 
BODIPY photocages absorb strongly in the biological window 
( > 100,000 M-1cm-1), so the resulting quantum efficiencies are 
about an order of magnitude higher than the nitrobenzyl 
photocages.  These new BODIPY photocages hold the promise 
of allowing the same kind of “plug and play” simplicity that 
makes the nitrobenzyl photocages so popular—just tack on 
your biological leaving group and irradiate with red light to pop 
it off.  This can be achieved with a laser, with widely available 
red LEDs, or practically any visible light source (for crude 
studies, we use a 500W halogen lamp, purchased cheaply from 
a home-supply store, with a beaker of water as an IR cutoff 
filter to prevent heating the sample).  Consequently, for 
studies requiring deep-tissue penetration or 
phototherapeutics, these new photocages are an attractive 
addition to the photocage arsenal.
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